The risk of cancer due to PCB exposure in humans is highly debated. In eastern Slovakia, high exposure of the population to organochlorines (especially PCBs) was associated with various disease and disorder pathways, viz., endocrine disruption, metabolic disorder & diabetes, and cancer, thereby disturbing several cellular processes, including protein synthesis, stress response, and apoptosis. We have evaluated a Slovak cohort (45-month children, at lower and higher levels of PCB exposure from the environment) for disease and disorder development to develop early disease cancer biomarkers that could shed new light on possible mechanisms for the genesis of cancers under such chemical exposures, and identify potential avenues for prevention.
Introduction
Polychlorinated biphenyls (PCBs) are man-made synthetic chemical mixtures containing multiple isomers at different degrees of chlorination (with 209 possible congeners), which has been widely used for the industrial purpose over the last few decades. Since its ban in production during 1979 in the USA and other developed countries, due to its improper disposal, they remain persistent and ubiquitous in environment as contaminants. Humans are exposed to these complex chemicals that are routinely found in samples of human and animal tissues. The prolonged exposures to PCBs have been associated with the development of different diseases and disorder development, viz., reproductive (Plísková et al. 2005) , neurological (Park et al. 2009 (Park et al. , 2010 , and endocrine effects (Rádiková et al. 2008) , as well as hearing impairments , metabolic disorders including diabetes (Langer et al. 2014; Ghosh et al. 2013 Ghosh et al. , 2014 Ghosh et al. , 2015 Silverstone et al. 2012; Lee et al. 2011 Lee et al. , 2012 Ukropec et al. 2010) , cardiovascular diseases (Goncharov et al. 2010; Sergeev and Carpenter 2010) , and cancers (Haslam et al. 2016; Parada et al. 2016; Leng et al. 2016 , Pavuk et al. 2003 Bencko et al. 2009; IARC 2016 [IARC Monographs, vol. 107, 2016 , available online at http:// monographs.iarc.fr/ENG/Monographs/vol107/mono107.pdf]).
There is considerable debate in the scientific literature regarding the carcinogenicity of PCBs (Faroon et al. 2001; Laden et al. 2002; Golden et al. , 2009 ). The United States Environmental Protection Agency (U.S. EPA) classified this class of compounds as probably carcinogenic to humans (http://www.epa.gov/epawaste/hazard/tsd/pcbs/pubs/ effects.htm), and the International Agency for Research on Cancer has classified it as a group 1 carcinogen (IARC 2013 (IARC , 2016 . Other federal agencies that have assessed the issue have similar findings (NTP 2006 (NTP , 2011 (NTP , 2016 Shields 2006) . Nonetheless, it is widely acknowledged that the data supporting these conclusions are based on epidemiological information and some of the strongest evidence for PCBs and cancer comes from population based studies. However, the limited numbers of occupationally exposed subjects, inconsistencies and shortcomings in the methods of assessing by measuring the exposures made the assessment difficult (Carpenter 2011; Knerr and Schrenk 2006; Golden and Kimbrough 2009) . This is also highly complex due to variability of mixtures of PCB congeners across studies and the inherent difficulties of ascribing health effects to specific compounds (Hopf et al. 2009 ).
PCBs have been deemed to be probable carcinogens by the Environmental Protection Agency, and exposure to high levels of PCBs has been consistently linked to increased risk of non-Hodgkin lymphoma (NHL) (Freeman and Kohles 2012) . PCB congeners have been associated with increased risk of adult NHL in cohort and case-control studies De Roos et al. 2005; Engel et al. 2007a Engel et al. , 2007b ). Significant positive trends in acute lymphocytic leukemia (ALL) risk were apparent with increasing concentrations of PCB congeners 118, 138, and 153, and the association with the PCBs was stronger among non-Hispanic whites than among Hispanics despite similar distributions of PCB levels among controls in each racial/ethnic group (Ward et al. 2009 ). The findings suggest that PCBs, which are considered human carcinogens and cause perturbations of the immune system, may represent a previously unrecognized risk factor for childhood leukemia. Detection of any PCB congener in the dust conferred a twofold increased risk of ALL while studying a population-based case-control study in 35 counties in northern and central California in [2001] [2002] [2003] [2004] [2005] [2006] . A preliminary study has also indicated that plasma levels of PCBs might pose a risk of cutaneous malignant melanoma (Gallagher et al. 2011) .
Our pioneering recent gene expression studies in a unique, prospectively studied Slovak cohort (Ghosh et al. 2015) have revealed associations with disease and disorder development that are in accord with various reported epidemiological studies (Ghosh et al. 2013 (Ghosh et al. , 2014 (Ghosh et al. , 2015 Mitra et al. 2012 , Dutta et al. 2008 . These results indicated that certain genes are over-expressed at higher exposure levels. Even with the strong epidemiological evidence, mentioned above, the direct evidence through molecular transcriptional changes towards carcinogenicity upon PCB exposure in such exposed population is limited. In this study, we hypothesized that long-term low exposure to PCBS is associated with increased risk of cancer development, as reflected in specific gene alterations and their mechanistic pathways. In turn, these patterns (genes in the pathways) could be markers to detect the possibilities of disease early. To that end, epidemiological data (45-month-old Slovak exposed children) with special emphasis on differential gene expression and pathway analysis by IPA informed our insights into the underlying gene expression changes that may pose an early sign of developing cancer in later life under such an exposure scenario of children.
Methods
The study was undertaken with the prior approval by the Howard University Institutional Review Board (IRB-07-GSAS-30). Subjects for this study principally belong to a well-defined cohort of mother-and-children pairs, originally enrolled in the "Slovak PCB Effects on Early Child Development Study" between 2001 (HertzPicciotto et al. 2003 , Sonneborn et al. 2008 . Biospecimens (placenta, maternal blood, and cord blood) were collected from mothers and corresponding children at delivery along with the detailed questionnaires. Repeated follow-up information along with the collection of blood was obtained at 6, 16, and 45 months of age following prior Institutional Review Board approval at Slovak Medical University. Details of the recruitment and characterization of this cohort have also been described elsewhere (Park et al. 2010) . Shortly, mothers with children were recruited from the Michalovce District area, highly contaminated by PCB from a chemical manufacturing plant and from the Svidnik/Stropkov District, with lower environmental PCB contamination and situated approximately 70 km north from Michalovce. We selected 71 subjects (male = 30, female = 41) solely based on their blood PCB concentrations at the age of 45 months (with the average blood PCB-153 levels 210 ng/g of lipid) from earlier studies (Ghosh et al. 2013 , 2015 , including all who had attained 45 months of age.
The control subjects (n = 5; males n = 2, females n = 3) were from the Stropkov/Svidnik area, and they followed all the same procedures as the high-exposure subjects. In reality, due to the legacy of widespread environmental contamination of PCBs in Slovakia, it is practically impossible to find subjects who are not exposed to any extraneous chemicals in their life course, whatever the age we chose.
The blood samples were collected by the trained nurses and/or by certified phlebotomist under the supervision of the medical team from Slovak Medical University. Blood was collected into a PAXgene blood RNA tube (IVD), which were brought to Bratislava and then ultimately shipped to collaborators lab at USA.
RNA isolation and cDNA synthesis
The RNA samples were prepared from the whole blood of the children who attained 45 months of age in this cohort and were processed as previously described (Ghosh et al. 2013 (Ghosh et al. , 2015 . RNA extraction was performed according to the manufacturer's instruction using PAXgene Blood RNA kit (Cat # 762164, PreAnlytiX GmbH, Germany) and TRIzol® Plus RNA Purification System (Invitrogen California CA), respectively, followed by cDNA synthesis with High-capacity cDNA Reverse Transcription Kits (Part # 4387406; Applied Biosystems, CA, USA) (See Ghosh et al. 2013 Ghosh et al. , 2014 detailed procedural description). The RNA was stored at − 80°C. The cDNAs were stored in − 15 to -25°C, if not used immediately (within 24 h), or stored in 2 to 8°C.
Analysis towards the identification of cellular processes and pathways involved by ingenuity pathway analysis (IPA).
For this study, we used our previously published data, along with the "Minimum Information About a Microarray Experiment" (MIAME) compliant data that has been submitted to the Gene Expression Omnibus (GEO) database. The datasets used in this paper can be accessed from the following GEO links: GSE22868 (45 month, Dutta et al. 2012) , GSE22668 (Mixed PCB, Ghosh et al. 2015) , GSE22667 (PCB-153, Ghosh et al. 2013 ), GSE22632 (PCB-138, Ghosh et al. 2013) , and GSE32420 (0 month, new cohort), from the children's cord blood from a recruitment under a new cohort study, initiated in Slovakia.
Datasets containing gene identifiers and corresponding expression values (fold change) were uploaded into IPA software (Ingenuity® Systems, www.ingenuity.com). Each gene identifier was plotted to its similar gene entity in the Ingenuity Pathways Knowledge Base. We engaged the information in the Ingenuity Knowledge Base (Genes Only) as a reference set that consider both direct and indirect relationships. The molecules were included as and/or the relationships only. To advance our pathway analysis, we incorporated additional 527 gene transcripts from IPA knowledge base to our results. We used the data sources from ingenuity expert findings and used the "Core Analysis" function to interpret the data in the perspective of biological processes, pathways, and networks. Differentially expressed gene identifiers were defined as value parameters for analysis and identified the relationship between gene expression alterations and related changes in biofunctions under the subcategories of molecular and cellular functions, physiological system development and function, and disease and disorders. Genes differentially expressed with p < 0.05 were overlaid onto global molecular networks developed from information contained in the knowledge base. Networks were then algorithmically generated based on their connectivity. Networks were "named" on the most prevalent functional group(s) present. Canonical pathway (CP) analysis identified function specific genes significantly present within the networks.
High-throughput TaqMan® low-density array (TLDA)
To identify altered gene expression, we used predesigned TLDA cards (Applied Biosystems®, CA) to examine the expression of four genes of interest as identified in the methods described above (including IPA knowledge base) to examine in our exposed Slovak population through a small population validation study. The TaqMan low-density array (TLDA) procedures are depicted in details that can be found in Ghosh et al. (2015) .
TLDA data analysis
The TLDA data were analyzed by SDS Ver. 2.4 software (ABI, CA). Threshold cycle (Ct) data for all target genes and control gene 18s RNA were used to calculate
ΔΔ
Ct values were calculated by subtracting the calibrator (control) from the Δ Ct values of each target. To visualize and further expression analysis, the data were exported in plate centric format to DataAssist V2.0 (ABI, CA) which allowed us to inspect the status of a gene(s) in the respective groups of lower and higher PCB exposures.
Results

Differential expression of genes with 45-month Slovak children
The Human Genome U133 Plus 2.0 chip that we used for the microarray gene expression analysis used the Affymetrix array platform and probe sets. The microarray data were filtered and normalized by PLIER (http://www.affymetrix.com/ support/technical/technotes/plier_technote.pdf) (Seo and Hoffman 2006) , and a subsequent statistical analysis was performed using the Partek Genomics Suite™ analysis tool. Differential expression was compared using unpaired t test statistics. From the 54,675 probe sets, for the Slovak population of 45-month-old children, we selected the top 2163 genes that were differentially expressed (both up-/down-regulated) and determined to be statistically significant using the t test, with FDR of p < 0.05). Out of these 2163, about 47% of the genes were up-regulated and 53% were down-regulated, when compared to control (See Supplemental Table 1 ). This also corroborates the results of our previous studies where most the genes were primarily down-regulated (Ghosh et al. 2011 (Ghosh et al. , 2015 De et al. 2010 Mitra et al. 2012 ).
The effects of the differentially expressed genes on overall biological processes in Slovak PCB-exposed children
The list of biological effects associated with exposure to PCBs in Slovak subjects can be found in two levels: network level (Table 1) and bio-functions level (Fig. 1) . Analysis of the genes identified above revealed six significant genetic networks (score ≥ 20.0), as listed in Table 1 . This score indicates the likelihood that the assembly of a set of focus genes in a network could be explained by random chance alone. The database attributed general cellular functions to each network which are determined by interrogating the Ingenuity Pathway Knowledge base for relationships between the genes in the network and the cellular functions they impact. The topscoring networks among disease and disorder include the following: cancer, organismal injury and abnormalities, immune cell trafficking, inflammatory response, neurological disease, connective tissue disorder, immunological disease, inflammatory disease, and tumor morphology ( Fig. 1; panel B) . Among the genes in the molecular and cellular functions network, gene expression, cell cycle, cell-to-cell signaling and interaction, cell death & survival, cell morphology, cellular growth & proliferation, cell function & maintenance, RNA post-translational modification, and cell signaling function were revealed ( Fig. 1; panel C) . In the physiological system development and functions network, notable functions were organismal development, cell-mediated immune response, immune cell trafficking, organ morphology, tissue morphology, tissue development, connective tissue development, hematological function, lymphoid tissue structure development, organ development, and skeletal/muscular system development & function (Fig. 1, panel A) .
The canonical pathways and GO enrichment of biological processes in Slovak PCB-exposed children
In the CP analysis, we chose to build the pathways connecting the top six networks (networks 1-6, score ≥ 20, Table 1 ). The top eleven (11) cancer-related CPs primarily revealed through this approach were as follows: p53 signaling, chronic myeloid leukemia signaling, thyroid cancer signaling, apoptosis signaling, endometrial cancer signaling, xenobiotic metabolism signaling, prostate cancer signaling, ovarian cancer signaling, oncostatin M signaling, molecular mechanisms of cancers, and colorectal cancer metastasis signaling (Fig. 2) ; along with their related function (Fx), e.g., progression of tumor, growth of tumor, nonHodgkin's disease, breast cancer, and prostate cancer that were identified as differentially expressed in 45-month children were integrated into computational generated networks based on evidence stored in the IPA knowledge base indicating relevance of this network. Further in-depth analysis also identified some important pathways, viz., aryl hydrocarbon signaling, G-protein coupled signaling, cell-cycle: G2/M DNA damage checkpoint regulation, and NF-kB signaling, (Fig. 3) , which are in accord with our previous investigations , 2011 , 2013 , 2015 ).
Population validation of selected genes through TLDA
High-throughput quantitative real-time PCR (q-PCR by TLDA in ABI platform) confirmed the PCB-associated altered expression of our four signature genes under population validation (n = 71). All four genes were well-amplified (either up-/down-regulated, Table 2 , Fig. 4) .
We found four genes that were well-annotated in the connectivity analysis (Fig. 2) and in the important cancer-relevant signaling pathways (Fig. 3) . Those are TP53 MYC, BCL2, and LRP12. TP53 gene results (Fig. 3) were consistent with the human studies that provided prior suggestive evidence that PCBs are carcinogenic (ATSDR 2001 , Faroon et al. 2001 , Laden et al. 2002 . The signature genes, TP53, MYC, BCL2, and LRP12, which we presume could serve as putative biomarkers under such an exposure scenario, were further validated in the PCB- (Fig. 4 , panels A-D). The genes TP53 MYC and LRP12 were mostly downregulated and were well-corroborated with the population samples (Fig. 4, panels A , B, C, and D respectively). The BCL2 gene has come up with either up-and/or down-regulated in the population study (Slovak children) (Fig. 4) .
Discussion
During the last decade, with the advent of genomics and advances in molecular biology, there has been increasing interest in the use of panels of genes and their pathways as biomarkers in epidemiological research to enhance toxic exposure The genes found to be differentially regulated in our experiments and the number of such genes displayed in the "focus molecules" column have been highlighted in bold print that meet the criteria cutoff and/or filter criteria and were mapped to its corresponding gene object in IPA knowledge base (bold up-regulated, regular font downregulated). The score is generated using a p value calculation. This score indicates the likelihood that the assembly of a set of focus genes in a network could be explained by random chance alone. The database attributed general cellular functions to each network which are determined by interrogating the Ingenuity Pathway Knowledge base for relationships between the genes in the network and the cellular functions they impact assessment. Our group has identified several such genes of interest that were significantly associated with PCB exposure within the specific disease pathways. We observed that several important cancer-related genes were affected. In our gene expression studies, we identified TP53, MYC, BCL2, and possibly LRP12 as potentially important signature biomarkers for the future disease risk assessment in such populations. We observed that the p53 gene (a tumor suppressor gene) was down-regulated in the experimental model and had a similar pattern of dysregulation in the majority of human subjects in our study (Fig. 4, panel A) . In one of our prior investigations, we also found that p53 was down-regulated over a short exposure period, showing loss of cell viability and apoptosis, but was up-regulated over a chronic exposure of 12-weeks period (Ghosh et al. 2007 ), which corroborates our present observation concerning the involvement of cell cycle and cell death pathways in the molecular and cellular functions (Fig. 1C) . The central role of p53 as a regulator of the cell cycle and a key tumor suppressor gene is well-established in human cancer research (e.g., Dang 1999) .
Another gene of importance in carcinogenesis is LRP12, which is part of the LDLR superfamily and mediates signal transduction (Qing et al. 1999; Battle et al. 2003) . Some researchers such as Garnis and colleagues (Garnis et al. 2004) have published evidence of an oncogenic role for this gene in certain oral cancers. Our epidemiological investigations on LRP12 corroborated those prior finding (Fig. 4, panel D) . The LRP12 gene, on which we might be first group to be reporting in relation to PCB exposure, has an expression pattern that might possibly be related to tumor morphology and cancer development under such exposure scenario (Fig. 1,  panel B) . However, the information on that gene is limited. Some researchers have reported about the over-expression of LRP12 in association with oral cancer and suggested that it may act as an oncogene (Garnis et al. 2004) . Clearly, more work is needed to confirm such speculation. We note that, based on gene expression patterns in our study population, one of the top CPs was lipid metabolism that may reflect the influences of PCB's extremely lipophilic profiles.
The BCL2 gene has been implicated in a number of cancers, including melanoma, breast, prostate, and lung carcinomas (Yip and Reed 2008) . In our observation, BCL2 appeared to be one of the key molecules affected by PCBs. The downregulation of the BCL2 gene in our experimental study Fig. 1 The key (top-scoring) bio-functions in developing toxicities with the differentially expressed gene set in 45-month-old children of Slovakia was obtained through IPA analysis. Exposure to PCBs was associated with physiological system development and functions (a), disease and disorder development (b), and molecular and cellular functions (c). The most statistically significant bio-functions that were identified in the IPA Tox analysis are listed here according to their p value (− log). The threshold line corresponds to a p value of 0.05 suggested that high PCB exposure can favor the apoptotic pathway, which is in agreement with our previous results with an in vitro model (Ghosh et al. 2007 . The overexpression of BCl2 (78% in our epidemiological setting) can be substantiated by our prior observation, where the expression of BCL2 also demonstrated reverse expression, which was up-regulated in the chronically exposed human liver cell line (HepG2) and complemented the anti-apoptotic nature, thereby maintaining continuous growth (Ghosh et al. 2007 ). The over-expression of the anti-apoptotic BCl-2 protein in lymphocytes alone does not cause cancer. But simultaneous over-expression of BCl-2 and the proto-oncogene myc may produce aggressive B cell malignancies including lymphoma (Otake et al. 2007) .
Epidemiological evidence of association between exposures to PCBs and increased cancer risks has come from diverse occupational populations. For example, dose-related increased risks for liver cancer, cholangiocarcinoma (bile duct cancer), various gastrointestinal malignancies, lymphoma, and leukemia have been reported among workers who were employed in manufacturing capacitors in several countries (Gustavsson and Hogstedt 1997; Mallin et al. 2004; Prince et al. 2006a, b) . Some studies detected no increase in cancer incidence among similarly exposed workers. One consistent association in the occupational epidemiology literature has been the occurrence of NHL among workers exposed to PCBs (Rothman et al. 1997; Colt et al. 2005 Colt et al. , 2009 De Roos et al. 2005; Engel et al. 2007a, b; Spinelli et al. 2007; Bertrand et al. 2010 ) and was recently summarized by Freeman and Kohles (2012) . There is also at least one report (Ng et al. 2010 ) documenting an interaction between occupational PCB exposure and a SNP of the aryl hydrocarbon receptor gene (IVS1 + 4640 G/A), suggesting an underlying genetic susceptibility for NHL.
The regression analysis of BCL2 gene expression showed that 76% of the variation observed seen in 45-month children of Slovakia can be explained by the sum of their PCBs load (ng/g lipid) in their blood. This finding could paved the way for the future of development of qPCR gene expression-based exposure profiling, through Fig. 2 Connectivity of differentially expressed genes in the important cancer signaling pathways in the exposed children are shown according to gene expression levels (with ≥ 1.5-fold change, t test, p < 0.05). Genes in the top six networks were allowed to grow our pathway with the direct/ indirect relationship from the IPA knowledge base using the most stringent filter, i.e., based on the data from our human study. Solid interconnecting lines show the genes that are directly connected, and the dotted lines signify the indirect connection between the genes and cellular functions. Canonical functions (signaling) that are highly represented are shown within the box (CP) along with their related function (Fx): they were identified as differentially expressed in our experimental results and in the results from the 45-month-old children large population validation, which could be helpful for defining a subgroup at higher risk for future disease (Fig. 5) .
Our pathway analysis (by IPA®) poses a significant overview of the underlying biological processes that suggest that these children may have higher cancer risk in the later part of their lives. The important cancer signaling pathways altered in the 45-month-old exposed children included p53 signaling, prostate cancer signaling, endometrial cancer signaling, ovarian cancer signaling, colorectal cancer metastasis, molecular mechanism of cancers, oncostatin M signaling, xenobiotic metabolism signaling, thyroid cancer signaling, and chronic myeloid-leukemia signaling, with a strong connectivity to the focus molecules of TP53, MAPK1, MYC, NFKß2, and CDKN1A (p21). Furthermore, there were direct and indirect connections between these genes and cellular functions, e.g., progression of tumor, growth of tumor, non-Hodgkin's disease, breast cancer, and prostate cancer (Fig. 2) . The downstream effect effects, e.g., DNArepair, DNA fragmentation, chromatin condensation, cell shrinkage & membrane blebbing, and caspase-independent DNA fragmentation can lead ultimately to apoptosis and other cellular instability (Fig. 3) . Apoptosis, a cell-suicide program that is executed mainly by caspases, is critical for maintaining tissue homeostasis, and impaired apoptosis is now recognized to be a key step in tumorigenesis. Whether a cell should live or die is largely determined by the Bcl-2 family of anti-and proapoptotic regulators (Cory et al. 2003) . Fig. 3 Differentially expressed genes in the important cancer-relevant signaling pathways and their connectivity in the 45-month-old PCB exposed population in Slovakia, showing genes with significant effects on expression levels (with ≥ 1.5-fold change, t test, p < 0.05) with some downstream effects, e.g., DNA repair, DNA fragmentation, chromatin condensation, cell shrinkage & membrane blebbing, caspaseindependent DNA fragmentation, and apoptosis. Geometric figures in red denote up-regulated genes and those in green indicate downregulation. Canonical pathways (functions/signaling; CP) viz., p53 signaling, prostate cancer signaling, NF-kB signaling, G-protein coupled receptor signaling, endometrial cancer signaling, ovarian cancer signaling, cell cycle: G2/M DNA damage checkpoint regulation, p38 MAPK signaling, and aryl hydrocarbon receptor signaling that are highly represented are shown within the box. Genes in uncolored notes were not identified as differentially expressed in our experiment
In our study, we observed the down-regulation of MAPK1, which could represent the dysregulation of an important, environmentally sensitive network that regulates cell growth (Huang et al. 2008) . MAPK1 is part of the MAP kinase family, with widespread effectson cellgrowthandproliferation,inflammation,theregulation of transcription, and ontological development (Voong et al. 2008) . Number (n) in parenthesis is the total number of subjects where such changes were observed. % calculation was made only among the subjects with amplification under this validation platform a Data represented as ΔΔ Ct changes (relative quantification) with down-regulation (−)/up-regulation (+)
Risk of breast cancer was found by another group of researchers to be positively associated with heavy PCB congeners, age, postmenopausal status, family history of breast cancer, and living close to an industrial facility: that study showed an association between heavy and potentially estrogenic PCB congeners and breast cancer risk (Recio-Vega et al. 2011) . In another study defining the human exposure to polyhalogenated hydrocarbons and incidence of selected malignancies in analyzing the incidence of selected malignancies in two populations exposed to polychlorinated hydrocarbons, Bencko et al. 2009 opined that neither PCBs nor TCDDs/Fs appear to contribute to the observed significantly lower incidence of breast and prostate cancer in the Michalovce District and lower bladder cancer incidence in Uherske Hradiste District of Slovakia. However, anti-estrogenic and anti-androgenic properties have been described for hydroxylated and methylsulfonyl PCB metabolites. These properties could contribute to a mechanism through which these metabolites might modulate the development of breast, prostate, and bladder cancer, which is also corroborated and exhibited well in our pathway analysis (Fig. 2) .
In a study that investigated a population-based cohort of 32,496 Swedish men aged 45-79 years (1988-2011) along with experimental studies about dietary PCBs in relation to prostate cancer incidences, there was a suggestion of a role of non-dioxinlike PCB153 in the development of high-grade and fatal prostate Fig. 6 Differential gene expression status in the 45-month-old exposed Slovak children is shown as the analyzed IPA core comparison, where major molecular mechanism and signaling pathways are represented with the percent of genes involved in either up (red) and/or down-regulation (green), relative to the number of no overlapping genes (white), along with their − (log) p values. Molecular mechanisms of cancer showed the highest number of genes involved (335). In all cases, the majority of impacted genes does not match with the known disease and disorders in the IPA knowledgebase, which might suggest that the PCB exposure influences a discreet gene expression signature in specific pathways leading to development of disease and disorder in such exposure scenario in the later part of life cancer (Ali et al. 2016) . PCB 153, the major contributor of the PCB load (ΣPCBs) in our studies subjects, may also pose a possible future risk of developing prostate cancer, as revealed through our pathway analysis (Figs. 2 and 3) .
Our investigation of differential gene expression status in the 45-months old exposed Slovak children exposed to PCBs revealed that the highest number of genes was involved in molecular mechanisms of cancer (N = 335), along with substantial number of genes involved in the majority of cancer signaling pathways (Fig. 6) . In all cases, most of these genes do not overlap with the IPA knowledgebase, which suggests that PCB exposure creates a discreet gene expression signature in specific pathways that might lead to development of diseases and disorders later in life.
Finally, we observed an interesting finding when we ran the comparison analysis over the IPA data analysis and then choose the "disease & disorder comparison" among all of our datasets. In all exposed groups (this 45-month cohort and the new cohort children) and our earlier experiential exposure scenarios, it is suggested that there may be future increased cancer risks in such highly exposed children in their life course where the threshold value (the ratio of number of relevant genes/proteins in dataset divided by the total number of the genes/proteins in the respective pathway in the IPA knowledge base) is consistently at or above 1.5 (Fig. 7) .
Accumulating all the above results together, the pathway analysis studies showed that there are significant similarities in functionality, pathway, and disease & disorder development. The possibilities of cancer are wellrepresented among the results and are comparable in disease and disorders function over IPA analysis in the epidemiological setting. Our results are in agreement with the reported epidemiological studies on PCB exposure. Our techniques become a useful tool for toxicity evaluation and will empower us to study the process of development of diseases towards understanding the potential health risk.
In conclusion, although it is recognized that many common complex diseases are a result of multiple genetic and environmental risk factors, studies of gene-environment interaction remain a challenge and have had limited success to date. It is necessary to continue to develop biomarkers, so that, prediction of long-term effect of chemical exposures can be made well before the development of disease. These might also facilitate the development of more effective therapy for vulnerable groups. It would be difficult to follow humans for decades to see if they develop diseases based on what they were exposed to before birth Some of them may be transgenerational. Even seemingly minor exposures during early development can lead to functional deficits and increased disease risks later in life. For this, we recommend longitudinal studies to follow the health of exposed populations to better establish the relationship between exposure and disease. Given that many disorders arise during fetal development from due to disruptions in the developmental dynamics but still poorly understood interplay of genes and environment, prevention may have to occur decades before a symptom even appears. Our investigation could provide robust biomarkers that can provide an indicator for highly vulnerable groups upon PCB exposure. The results have important implications regarding cancer screening and other cancer prevention strategies for implementation in exposed populations. Effort is underway to bridge this knowledge gap in our laboratory. disorder genes that are represented here were at or above the threshold value (corresponding to a p value of 0.05). Fischer's exact test was used to calculate a p value determining the probability of disease assigned to the dataset
